The Nordic power market has exceptionally low carbon emissions. Energy efficient combined heat and power (CHP) plays an important role in the market, and also produces a large share of Nordic district heating (DH) energy. In future Nordic energy systems, DH CHP is often seen as vital for flexibility in electricity production. However, CHP electricity production may not be profitable in the future Nordic market. Even currently, the prevailing trend is for CHP plants to be replaced with heat-only boilers in DH production. In this work, we aim to describe the future utilisation of CHP in the Nordic area. We use an electricity market simulation model to examine the development of the Nordic electricity market until 2030. We examine one main projection of electricity production capacity changes, and based on it we assess scenarios with different electricity demands and CO 2 emission prices. Differences between scenarios are notable: For example, the stalling or increasing of electricity demand from the 2014 level can mean a difference of 15 e/MWh in the average market price of electricity in 2020. The results of this paper underline the importance of considering several alternative future paths of electricity production and consumption when designing new energy policies.
Introduction
Increasing shares of variable renewable energy (VRE) together with an economic recession have pushed the market price of electricity down in the Nordic countries. As the current price level causes diminished new investment in power production, combined heat and power (CHP) has the role of a miner's canary on the mission to decarbonize the energy system.
In the Nordic countries (Finland, Sweden, Norway, and Denmark), many long-term visions for the future rely on CHP (and hydro power) to supply controllable electricity production when VRE availability is low [1] [2] [3] [4] . However, there are already issues with the profitability of thermal power production due to the low market price of electricity [5] [6] [7] . Should CHP lose its profitability even with more recent VRE capacities, the premise of the described future visions would need to be revised for them to be viable as market-based action. With this in mind, we investigate the role of CHP on the Nordic electricity market in 2030, assuming market-based operation and forecasts of future power production capacities with other technologies.
In the Nordic countries combined, and especially in Finland and Denmark, CHP is an important part of the energy system. Plants of this type can utilise a variety of fuels, offer very high total energy efficiencies (over 90%), and flexibility in operation similar to that of condensing power plants. Because the produced heat is often utilised in district heating (DH) networks, and the demands of electricity and heat coincide, CHP plants make for a proven alternative to condensing power plants.
Due to the many favourable qualities of CHP, a common view is that it should be kept in use. For example, CHP-DH systems are seen to have value in VRE integration through optimal production [8] , balancing services [9] , and the interlinkage of the heat and power sectors [10, 11] .
Currently, CHP electricity production in the Nordic countries amounts to 11% of total electricity production. Individually, the shares are 32%, 8%, and 38% in Finland, Sweden and Denmark, respectively, and a very small share in Norway [12] [13] [14] [15] . Additionally, CHP plants cover a large share of total DH production in the countries. An overview of Nordic electricity and DH production is shown in Figure 1 . Regardless of its importance for the current or future electric system, CHP is not irreplaceable for DH networks. As a heat production technology, it competes with heat-only boilers (HOBs) and heat pumps. A current trend is to replace and supplement existing CHP capacity with cheaper HOBs. Many DH networks have several plant types and fuels, in which case cost-optimisation determines hourly productions of CHP, HOB, and heat pump plants. If the operating hours of a CHP plant are not deemed sufficient based on this optimisation (in the long term), the plant is removed from operation. In this work, we cover industrial CHP only shallowly, as it is operated under a different set of business related constraints.
The Nordic power market faces potential issues that are closely linked to the problems of CHP producers. The current market is an energy-only market, where produced energy is compensated, and not the upheld capacity. Historically, the Nordic area has been a forerunner of creating a liberalised multinational electricity market already in the mid-1990s [18] . The current market, Nordpool, functions well and has so far had strong support in the form of both direct political decisions and informal industry commitment [19] . However, this support may suffer from changes in the economic and energy security aspects of the market. If the profitability issues described earlier can not be rectified, political will may arise to change the market-setting back a long history of international commitment in the market.
The competitiveness of CHP in both the heating and electricity markets requires a combination of operating hours and electricity prices that allows market-based maintenance investment for the long term. Since the Nordic electricity market works on a highest marginal price basis (and compensation can thus differ from the marginal price of the CHP producer), market price is the main factor from the point of view of a single producer. The Nordic power market price level is expected to increase in the next decade by well established authorities. Increases are indicated in the IEA Nordic Energy Technology Perspectives 2016 (NETP 2016) [1] (55 e/MWh by 2030), the Finnish government [20] (60-65 e/MWh by 2030), Norwegian transmission system operator Statnett [21] (above 40 e/MWh by 2030), and the Finnish research centre VTT [22] (55 e/MWh by 2035). Among the scenarios presented in these resources, the majority indicate that the market price will increase, and CHP will maintain a role on the market. Recently, however, the yearly average market price has been below 30 e/MWh from 2014 to 2017 [23] , with futures prices indicating similarly low market prices for the next few years [24] . This is well below the levelised cost of electricity production for nearly all thermal power production. Thus, there is room for doubt in the economic situation of CHP (and other thermal) power production in the next decade.
In the energy production industry, there has been worry of a subsidy-driven oversupply situation [25] . Supply of low marginal cost electricity draws the market price down through a "merit-order effect", which has been confirmed in the literature [26] [27] [28] . The penetration of intermittent renewable energy will reduce the average electricity prices but intensify the price volatility in short term [29] . However, the latter effect is not very strong in the Nordic countries with a lot of hydro power, which dampens the short-term price volatility [30] . This volatility could be a source of revenue for thermal generation, but Nordic producers have not enjoyed it like producers in other markets. In addition to VRE and hydro, factors that make the future price level and power production mix of Nordic countries uncertain include developments in nuclear power, emission price, industry exports, and other electricity demand [31] . The estimation of such variables as those mentioned is difficult in a long-term forecast. For example, forecasts of Nordic countries' future electricity demands were presented in 2009 in [32] . The presented forecasts for 2030 are notably different from current national forecasts (presented in this work). This shows clearly how expectations of the future can change drastically in a matter of years. This dynamic must be admitted in any study involving future scenarios.
Despite the uncertainties of the electricity market, many studies (such as [2, 4] ) on future energy systems task CHP plants with balancing VRE production without regard for the electricity market around the envisioned energy system. In a similar fashion, CHP capacity may be suggested to increase, such as in [33] , as part of a low total cost energy system. The uncertainty of the economic environment of investments in CHP is not properly considered in these types of analyses. After all, energy investments are based on profits rather than on the common good. Gils et al. [34] , on the other hand, take a clear stance on this issue and suggest that if the market structure (of a VRE based energy system) does not allow maintaining the necessary peak capacity, the market should be changed.
Above, it has been shown that the future of the price of electricity is not certain on the market, and that the role of CHP is often studied with little regard to the economic constraints of the energy business. In this study, we show how specific projections of electricity market developments (such as increases of nuclear and VRE electricity) would reflect on the viable role of CHP on the electricity market by 2030. For this, we utilise an electricity market simulation model.
Among the existing models, Enerallt has been chosen for this analysis. Enerallt is a multi-area electricity market model that analyses future scenarios regarding for example production and interconnection capacities, emission price, and fuel prices. As an hourly model it allows modelling on the day-ahead market level, as opposed to TIMES (used in [35] for Norway and Sweden), which is used on a longer time horizon. Enerallt differs from other hourly models (such as EnergyPLAN (used for Finland in [33] ), Wilmar [36] , and Balmorel (used for Norway in [37] )) in that it does not optimise production, but models the producers' market operations, which may produce different results especially regarding hydro production. Important proprietary models include EMPS (described in [38] ), which does not consider local DH markets, and Plexos [39] . The variant of Enerallt used in this work is suitable for analysing the operation of the hydro-dominated Nordic market with future capacities and marginal prices. Moreover, unlike for example EnergyPLAN, Enerallt is able to realistically model the operation of an interconnected multinational electricity market on an hourly basis.
In this work, we use Enerallt with a hydro power modelling method that is different from the original. Hydro power modelling is one of the key tasks of future scenarios of the Nordic countries, as 60% of current electricity production is hydro based. Production characteristics of hydro power can be econometrically analysed post-operation [40] . However, determining (from the outside) the logic of decision making in retrospect is difficult [41] and especially so beforehand. After all, producers have several (theoretical) options for scheduling strategies [42] . In this paper we utilise an algorithm that focuses on the hydro producers' adaptation to the changing market price of electricity.
As discussed, there are many uncertainties regarding the future of the Nordic electricity market. Known factors such as new nuclear plants and transmission lines will interact with unknown factors such as electricity consumption. With this in mind, the research question of this paper is: Can CHP still be competitive on the Nordic power market in 2030, considering the coming changes?
The structure of this paper is as follows. In Section 2, the Enerallt model is described. In Section 3 the modelled scenarios are presented. The marginal price estimates for the model are given in Section 4. The model results are described in Section 5, and discussed in Section 6. Section 7 concludes. The main conclusion of this paper is that it is well possible that electricity prices on the Nordic market will remain too low for profitable CHP production until 2030.
Enerallt Model
Enerallt is an electricity market model for the Nordic countries. It has been developed at the Aalto University in Finland. Detailed information about the model can be found in [43] . Here we describe the overall operation of the model, along with alterations for this work.
Basic Operation of the Model
Enerallt models the Nordic market by simulating the decisions of electricity suppliers and the operation of international grid connections. The model simulates the market operation with dynamic hourly supply curves and predetermined, price-independent demand profiles. Market price and realised production of electricity is determined by the rules of the Nordpool spot market. In the market, a common system price is determined from the buy and sell bids of all market participants without considering inter-area transmission capacity restrictions. The actual price for each area (the area price) is then determined considering the congested transmission lines.
In practice, the model creates simulated hourly electricity supply curves for each modelled country or price area. The supply curves for CHP capacity are made considering the heating demand. The demand of both electricity and heat is price-independent. Knowing the supply curves and the demand of electricity, the model simulates the Nordpool Spot market, determining the market outcome, e.g., the system and area prices of electricity, power flows between the areas, carbon emissions, and the power producing technologies in each area. The simulation is done separately for each hour of a year consequtively.
CHP Modelling
The sizing of the bids of CHP capacity to the electricity market is based on the district heating demand in the same area (country or price area). We refer to this as heat following CHP electricity. Some plant and network designs allow electricity production beyond the current demand of heat (due to e.g., heat storage or removal). In the context of this paper, this is non-heat following electricity production, which we count as a part of condensing production, because the waste heat is not necessarily utilised. Thus, CHP plants produce "CHP electricity" and "condensing electricity". Utilisation of heat storage is not modelled beyond its indirect inclusion in the possibility for condensing CHP electricity production.
Modification of Hydro Power Modelling
Because in the scenarios of this work the market price changes markedly, we modify the original Enerallt hydro power model with one that we believe more accurately represents hydro producers adjusting to changing market price expectations. The producers should adjust their marginal prices to produce as much electricity as possible during the year, with the highest possible price. The marginal price profile in the model is myopic, but adjusted between model run iterations. The pricing process is explained next. Like in the original model, we divide the hydro power capacity in each area into segments based on their characteristics (see Figure 2a ,b). For example, plants with small reservoirs must generally settle for lower prices than those with large reservoirs, due to inability to wait for a better price. Run-of-river plants are modelled separately as VRE.
After the initial pricing, we make an hourly marginal price profile for each hydro segment by multiplying them with the normalised system price profile of the reference year (see Figure 2c ). This leads to the yearly average price to be the same as before multiplication, but the price profile reflecting the reference year.
Next, we run the model iteratively, checking the resulting yearly totals of hydro production in each country. If the total production is smaller or larger than it is expected to be, the model is rerun with that country's hydro marginal price adjusted (see Figure 2d ). This process is continued (largest difference first) until all countries are modelled to produce approximately the expected yearly total amount of hydro electricity. The expected total yearly production is the total production in the reference year plus the forecast increase in yearly production.
We find this modelling method to produce a realistic representation of the role of hydro power in any price level scenario (all hydro is sold with the highest possible price while following the reference year market price profile). We find following the reference year price profile an agreeable simplification, given the large amount of hydro power in the Nordic system. An unavoidable negative consequence of the hydro adjustment method is that the modelled electricity market system price becomes very similar to the hydro marginal price profile. This dampens the seasonal variations in modelled hydro power production. For this reason, the model results are best analysed on the annual or quarterly level to avoid misinterpretation.
Scenarios
We present five future scenarios, two for 2020 and three for 2030. With the scenarios, we aim to capture the probable range of effects of a high VRE penetration on the Nordic electricity market. Our future projections include expected developments also in other electricity production technologies than VRE. Only CHP and DH are not changed to understand the implications of the overall changes on them. Two of our scenarios (2020A and 2030A) depict a future where the projected power production capacity changes happen, but electricity demand stays at the 2014 level. Two other scenarios (2020B and 2030B) depict an identical future as the "A" scenarios, except that electricity demand in the Nordic countries increases according to national forecasts [20, [44] [45] [46] (see Table 1 ). Since the national forecasts can be expected to be optimistic, the "A" and "B" futures capture a wide range of potential developments between them. The fifth scenario, 2030C, is identical to 2030B except for a smaller nuclear power capacity.
The emission prices used in the main scenarios in this work are 5, 10, and 20 e/tCO 2 (tonne of CO 2 equivalent) in 2014, 2020, and 2030, respectively. We consider the published changes in the transmission capacities between the Nordic countries (300 MW increase between Finland and Sweden in 2030 [47] ), but not to and from other countries. Distribution loss estimates are considered based on national statistics [12, [48] [49] [50] .
In addition to the future scenarios, we validate the model with scenarios for the years 2014 and 2015. Year 2014 is the basis (and reference year) for the future scenarios. Where not stated otherwise, we use data from [43] , which has been collected for 2014. The 2015 modelling is also based on 2014 data, except for non-CHP power plant capacities and year-specific input time series. In the next subsections we describe the (base and future) scenarios per technology. 
Combined Heat and Power and District Heating
The estimated capacities of DH CHP plants and the shares of small plants are presented in Table 2 . The per-country total capacities are taken from national statistics [12, [48] [49] [50] , and the CHP total fuel shares are from [43] . The shares of small plants (under 100 MW) are the total capacities deducted with the large plant capacities from [51] , corrected for outdated information. The fuel shares of small plants are the authors' own estimation based on scattered data. For Finland, the Energy Authority power plant registry is used for cross-checking [52] .
The CHP capacities are held constant between all scenarios, at the level of 2014. Later in this work, CHP means DH CHP in heat-following or condensing mode. Industrial CHP is modelled separately as fixed production following a common profile and national total amounts from 2014. The demand of DH is expected to be relatively stagnant towards 2030 in Finland, Sweden, and Denmark, the more notable users of DH of the Nordic countries [20, 44, 46] . Because the demand changes additionally depend heavily on the electricity and fuel markets (through competing heating technologies), and since DH demand and heat-following CHP capacity on the market are interrelated, the DH demand (along with the fuel shares) is kept at the 2014 level in the scenarios.
Condensing Power
We use capacities estimated in [43] for condensing power capacities in 2014. The future capacities of condensing power are highly uncertain. However, there is a clear trend of decreasing capacity. We present scenarios where all condensing power capacity is closed by 2030. As a downward step, we assume a 500 MW capacity for each of the four countries in 2020. The fuel shares of 2014 are kept over the scenarios. In addition to condensing plants, condensing production is offered by large CHP plants.
Hydro Power
The hydro power production capacity of the Nordic system is expected to increase slightly by 2030. In Table 3 we list the increases expected to the capacities of each country. The Finnish and Danish capacities remain constant due to low growth potential. Swedish capacity is expected to increase due to refurbishments and modernisations [53] . The Norwegian capacity is expected to increase steadily [21] . The 2020 capacities for each country are from the National Renewable Energy Action Plans (NREAPs) [54] of each country, that were published around 2010. For Finland, the 2015 capacity is higher than the 2020 estimate, and the higher capacity is used. 
Nuclear Power
The total nuclear capacity is currently 11,200 MW, with 2800 MW in Finland and 8400 MW (8800 MW in 2014) in Sweden. In 2020 the capacity is expected to be 11,100 MW in total, 4400 MW in Finland and 6700 MW in Sweden. In 2030 a total of 12,300 MW is expected with 5600 MW in Finland and the unchanged 6700 MW in Sweden, assuming the Finnish Loviisa plants continue running past 2030. Details of the nuclear situation can be found for Finland in [55] and for Sweden in [56] .
In the low-nuclear Scenario 2030C, the Finnish Hanhikivi 1 plant (scheduled to start in 2024), will not be built, and the Swedish Ringhals 3 is decommissioned earlier than currently estimated, before 2030. The nominal capacities of the plants are 1200 MW and 1060 MW, respectively.
Solar Electricity
In the beginning of 2014 the solar power capacities were 11 MW in Finland [57] , 43 MW in Sweden [58] , 571 MW in Denmark [49], and 13 MW in Norway [59] . From the Norway capacity, 11 MW is known not to be connected to the grid, and will be excluded from the analysis.
There are few estimates of the future development of solar PV capacity in the Nordic countries. All countries have surpassed their NREAP estimates of 2020 solar electric capacity, and we keep the capacities constant from 2014 to 2020. For 2030, the European Ten-Year Network Development Plan (TYNDP) 2016 [60] report assumes capacities of 100 MW for Finland and 840 MW for Denmark in their Vision 2 "Constrained progress", and zero capacities for other countries. The reader should be aware that the Visions in the TYNDP report are not forecasts of the future. However, we take the values as an educated guess of the progress by 2030 in Finland and Denmark. For Norway and Sweden we use the 2014 capacity values.
Wind Power
The Nordic wind power capacity in the beginning of 2014 was 10,600 MW, most of it in Sweden (4500 MW [48] ) and Denmark (4800 MW [14]). By 2020, capacity is expected to grow in every country to a total of 15,500 MW [14,54], aided by national subsidies. The total capacity is assumed to increase to 28,800 MW by 2030, based on the NETP 2016 Carbon Neutral Scenario [1] .
Pricing of Electricity Production
In Table 4 , the marginal prices of electricity in the model for 2014 are presented for each country and technology. The prices of condensing, wind and solar power production are based on data in [43] . The carbon emission price is 5 e/tCO 2 . Table 4 . The marginal prices of electricity used in the model for 2014. The CHP prices are those prices at which a MWh of heat is more economically produced by CHP than by heat-only boiler with the same fuel, considering the revenue from electricity sales. Hydro price is the average for the modelling period. Marginal prices excepting hydro power and CHP are based on data in [43] . The marginal price of CHP is here that price, with which it is more economical to produce a MWh of heat with CHP (considering revenue from electricity sales) than a heat-only boiler with the same fuel. This assumption is made to constrain the fuels used in the DH networks, because the networks can not be simulated case-by-case. The method used is consistent with the simulation methods of DH networks elsewhere in the Enerallt model. In reality, DH networks often utilise different fuels for CHP and HOB heat production. The CHP fuel prices of peat and oil are from [43] , and other CHP fuels from [12] .
Information used for the marginal price estimation of CHP with different fuels is presented in Table 5 . Different features of the typical plants and fuels are shown. The three lowest rows represent (i) the total cost of production of heat without considering the revenue from electricity sales; (ii) the CHP marginal price as described above; and (iii) a typical plant's revenue from electricity sales at the marginal price. The marginal pricing of CHP used in this work is easily understood by noting that (in Table 5 ) for each fuel, the CHP heat production cost minus electricity sales revenue is equal to, or less than, the heat production cost of HOB. Waste fuel is not included in the table, and its marginal price is estimated to be 20 e/MWh in all countries as an educated guess, because reliable data is not readily available. Table 5 . The basis for the marginal price of CHP electricity production in Finland in 2014. The marginal price is that price at which a MWh of heat is more economically produced by CHP than by heat-only boiler (HOB) with the same fuel, considering the revenue from electricity sales. Emission factors are from [61] , other data adapted from [62] . MP = marginal price
Fuel
Coal Gas Peat Biomass Oil 
CHP HOB CHP HOB CHP HOB CHP HOB CHP HOB

Results
In this section, the results of 2014 (reference case) and 2015 are presented first, followed by the future scenarios and finally a sensitivity analysis for the emission price. The implications and significance of the results are analysed in Section 6.
Validation with Years 2014 and 2015
We first validate the model results by analysing the results from modelling years 2014 and 2015. The latter year is modelled to validate the method of modelling. The realised and modelled system prices of electricity for the two years are characterised in Table 6 . The mean value and standard deviation (from the mean) are shown for both profiles. The differences between the modelled and realised yearly prices are 4% for 2014 and 22% for 2015. The modelled prices are higher in both scenarios, as well as in most single quarters. The standard deviations, which depict the volatilities of the price profiles (around the respective means), are generally greater for the realised profiles. The reader should note that here the standard deviation is used as a measure of price variation within a year, and not as a measure of error.
The modelled and real electricity production technologies for 2014 are shown in Figure 3 . The corresponding figure for 2015 is shown in Figure 4 . Modelled productions are shown by bars, and corresponding real amounts are shown with stems where available. The right and left side plots are separated because they have different y-axes. A dashed line is drawn at 10 TWh in each plot for clarity. For Norway, the stem of "condensing production" also includes CHP production. In both Figures 3  and 4 , the per-country differences between modelled and real electricity productions are under 0.25% for hydro and nuclear power (except for hydro in Denmark, 10 GWh (modelled) and 15-18 GWh (real)). For wind and solar power the differences are under 1 TWh and 30 GWh, respectively. For condensing and CHP production there is variation in each case due to lack of country-level detail in available input data to the model. For 2014, the Nordic total modelled and real productions are 32 and 29 TWh for CHP, and 14 and 16 TWh for condensing power, respectively. Corresponding productions for 2015 are 29 and 29 TWh for CHP and 11 and 9 TWh for condensing power. Electricity production (TWh) 
Future Scenarios
The quarterly median system price profile of electricity in the base and future scenarios is presented in Figure 5 . It is seen that in the Scenarios 2020A and 2030A the price of electricity is very low. In 2020B the price level increases from 2014, lowering again in 2030B. The price level of Scenario 2030C is the highest. In Table 7 , the power production capacities of technologies in the Nordic countries are summarised. The capacities are the maximum capacities offered to the market in the modelled year. The total electricity production in the scenarios is summarised in Figure 6 . In the figure, a simple estimation of yearly emissions is also shown from the production of DH and electricity, including HOB production. The emissions are shown separately for two different paths to illustrate the differences between the "A" and "B" scenarios. The emissions in the "A" scenarios with a stalling electricity consumption are consistently smaller than in 2014. In the "B" scenarios, the emissions increase between 2014 and 2020, but decrease again before 2030, despite the increase in electricity demand. This same dynamic can be seen by following the combined height of the bars of CHP and condensing production. In Scenarios 2030B and 2030C, wind production covers a large part of the demand increase from Scenario 2014. The corresponding figure to Figure 6 for each of the four countries separately is presented in the Appendix in Figure A1 for more detailed insight. The changes across the scenarios have a large impact on the utilisation of CHP power production. In Table 8 the produced amounts of heat following CHP production in each country is presented. The last row, sold share, is the sum of the heat following CHP production divided by the production offered to the market, sold or not. The sold share decreases from Scenario 2014 level in 2020A, and further in 2030A. In 2020B the production increases noticeably from 2014, decreasing to below the 2014 level in 2030B. In 2030C, CHP production is somewhat higher than in 2020B. Table 8 . Production of heat following CHP electricity in the scenarios per country in TWh. Sold share is the sum of the electricity produced divided by the production that was offered to the market. The imports and exports between the Nordic countries in each scenario are shown in Figure 7 . The net export is indicated by a white circle. The net importer/exporter status of Sweden varies significantly between the scenarios. Other countries' status is mostly stable over the scenarios.
We make a sensitivity analysis with the model by considering Scenario 2030B with CO 2 emission prices of 30 and 50 e/tCO 2 , the original being 20 e/tCO 2 . Some key values of the results in the three scenarios are presented in Table 9 . The system price increases with the increase of the emission price, and there is also a total CO 2 emission reduction of 2.7 Mt between Scenario 2030B with the lowest and highest emission price. 
Discussion
The model runs for the years 2014 and 2015 showed a realistic representation of the operation of the electricity market. For 2015 the real and modelled price profiles differed noticeably. This is most likely due to the low-priced third quarter of the year (see Table 6 ), where both the real and modelled system prices often went below the modelled marginal price of nuclear power. Modelling situations like this is difficult, because producers may respond to them in several alternative ways, such as by running on financial deficit for short periods of time to avoid shutdowns.
The development of electricity demand is critical for the stability and price level of the Nordic power market. Comparing our scenarios in the "A" and "B" futures, we see that they capture a wide range of price levels. In the "A" future, the price level decreased consistently, being 31, 25, and 10 e/MWh in scenarios of 2014, 2020 and 2030, respectively. Such a steep price decrease would without doubt be detrimental to the competitive operation of the Nordic energy-only market. On the other hand, the existing market would most probably adapt, causing some level of price increase.
With respect to DH, adaptation of the electricity market to very low prices would mean increased individual heat production with heat pumps and electricity. Additionally, heat pumps and HOBs in DH systems would become relatively more profitable, while CHP plants would lose profitability and eventually be retired. The quantitative effects of these and other adaptations of the heating and electricity markets are not known. For DH, changes will most likely take a long time to be realised.
In the "B" future, the average price increased to 40 e/MWh in 2020, which is a promising direction for CHP plants, but decreased to 33 e/MWh in 2030. Even though a price increase is indicated, either price level may not be sufficient for long term investment in all CHP plants [22] . However, the price level may increase due to unmodelled adaptation such as decommissioning of unprofitable plants. The modelled price levels should be reviewed with the knowledge that in 2010-2013 the highest yearly average price on the Nordpool Spot market was 53 e/MWh and the lowest was 31 e/MWh [23] .
The utilisation of CHP in the scenarios is consistent with the price level of the scenario, in the sense that production is high in scenarios with a high system price level, which is expected due to the relatively high marginal price of CHP both as heat-following and as condensing production.
In Scenario 2030C we modified Scenario 2030B to assess a low-nuclear situation. The results suggest that the unused capacity of CHP (in Scenario 2030B) would be able to cover the lost nuclear power production. The average system price in the scenario was 51 e/MWh.
The difference between the Scenarios 2030B and 2030C is qualitatively analogous to any decrease (or increase, the other way around) of electricity production capacity with a low marginal price, be it VRE or nuclear, or something else. Thus, comparing the two mentioned scenarios helps in estimating effects of comparable changes to other scenarios. Such variations could be for example a lower wind power capacity or a higher run-of-river hydro power capacity.
The imports and exports between the Nordic countries varied notably between the scenarios. The smallest differences appeared for Denmark and Finland, which were indicated to remain as net importers in almost all scenarios. The low electricity demand scenarios seem to especially boost the (low priced) exports of Norway.
A sensitivity analysis with two alternative emission prices was conducted with Scenario 2030B. In this scenario, CHP is the technology with the highest marginal price. The emission price increase caused merit order changes between the CHP fuels, resulting in fuel distribution changes towards lower total emissions. Especially biomass CHP gained a lower price relative to other fuels.
Conclusions
The Nordic electricity market was analysed in this paper in the years 2014, 2020 and 2030 to assess the expected role of DH CHP in different scenarios. A total of five future scenarios were presented, differing in electricity demand and in nuclear capacity.
Our results indicate that if the projected capacity increases happen while electricity demand stalls (the "A" future), the system price of 2030 will be very low, around 10 e/MWh (25 e/MWh in 2020).
This price level would be unsustainable for any investment in electricity production, including CHP. Developments leading to such prices would most likely be balanced well before 2030 with increased electricity demand, decreased production capacity, or political measures. In any case, the key message is that the total electricity production capacity would be oversized for the demand, and CHP capacity could diminish notably.
If the projected capacity changes happen along with nationally estimated increases in electricity demand (the "B" future), the model results indicate that the system price level of 2030 is around the 2014 price level. The price level peaks at 40 e/MWh in 2020, returning to just above the 2014 level in 2030 (2014: 31 e/MWh, 2030: 33 e/MWh). This price level may indicate potential to maintain the current Nordic electricity market (without e.g., capacity market), considering market adaptation such as the decommissioning of some power plants and an increasing electricity consumption. In the "B" future results, utilisation of CHP is indicated to remain at the 2014 level, which is positive for DH networks that largely rely on CHP heat production.
In our low-nuclear scenario results the decreased nuclear production is replaced with heat-following and condensing mode CHP production, and the average system price increases to 51 e/MWh. This effect is also qualitatively analogous to a lower VRE capacity in 2030.
We made an analysis of the effect of emission price on the results in the 2030 scenario of the "B" future. An increase of the emission price from 20 to 50 e/tCO 2 resulted in the median system price increasing from 32 to 41 e/MWh. Total CO 2 emissions from electricity and DH production fell from 23 to 20 Mton CO 2 at the same time, due to changes in the merit order of fuels in CHP production. This result underlines the potential role of emission trading in initialising market-based emission reductions.
The scenarios in this work should not be seen as forecasts of the future. They were chosen to represent one main path of development in electricity production capacities, and to find out how electricity demand, emission price and nuclear power capacity affect the projected system. We were especially interested in the market price of electricity and the utilisation of CHP in the scenarios. We found that the development of electricity demand is an important factor for the market, and also for the utilisation of CHP capacity.
The key take-away of this paper is that the development of electricity demand in the four Nordic countries has a marked impact on the viability of maintaining CHP capacity. A wider conclusion is that decision makers should be careful to account for energy market trends in all neighbouring countries as well as their own, when creating systems such as VRE support mechanisms. Political changes in the economic environment of different power production technologies in an energy-only market such as the Nordpool Spot can cause serious multinational consequences to current market participants. Author Contributions: K.H. collected the required data, performed the modelling work and wrote the manuscript. B.Z. supported model development and result validation, and participated in the literature review. S.S. actively guided the modelling and writing processes. All authors contributed significantly to the design of the scenarios and the presented analyses, and to reviewing the manuscript. 
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